In the current study, we experimentally investigated the effects of carbon black microparticulates (CBMP) on the temperature increase of lithium-ion battery coin cells subjected to nail penetration and blunt impact. The major difference between CBMP and regular carbon black additives is in particle size. The testing data showed that addition of 1 wt% of CBMP in the cathode and anode does not influence the cycle life, while can reduce the heat generation rate by nearly 50%, after the peak temperature is reached. Thermal treatment of the modified cells at 100 °C would further reduce the heat generate rate. The initial temperature increase rate, the maximum temperature, as well as the total energy dissipation are not affected. These findings shed light on thermal runaway mitigation of high-energy batteries.
Introduction
Developing robust, high-performance lithium-ion batteries is critical to a large number of engineering applications, such as smart grids, electric vehicles, high-energy power sources, etc [1, 2] . Many other energy storage techniques, e.g. zinc air batteries [3] , flow batteries [4] , lithium-sulfur batteries [5] , fuel cells [6] , and graphene-based electrochemical microsupercapacitors [7] , are still in the early laboratory research stage. The main components of a Li-ion battery cell include a cathode on aluminum (Al) charge collector and an anode on copper (Cu) charge collector, with a thin porous membrane separator sandwiched in between, and 15-20 wt% electrolyte. Usually, the electrodes are produced through slurry processing, consisting of active materials, polymer binder, and carbon black (CB) [8] . While the most important factor that determines the battery performance is the active materials, there are many other critical engineering parameters, e.g. the type and the content of polymer binder as well as the morphology of CB.
There has not been a generally accepted design protocol for the CB material. The electrical conductivity of a single CB particle is quite high. However, uniformly mixing CB particles with active material and efficiently improving electrode quality are non-trivial. Controlling the CB particle size helps enhance the bulk distribution of the conductive phase [9] , and may lead to a lower materials cost and a simpler slurry processing procedure. The CB particle size effects on various battery behaviors, including the temperature increase during thermal runaway, are still poorly understood.
Under normal working condition, the membrane separator keeps the cathode and the anode away from each other. During normal operation, heat generation of a Li-ion battery cell is usually mild, and can be well handled by the battery management system (BMS) and the battery thermal management system (BTMS) [10] . If the battery cell is damaged, e.g. by a blunt impact or nail penetration, the membrane separator is broken apart, leading to the internal shorting. As a large internal current is generated, local temperature can rapidly rises to more than 100-110 °C, which further triggers exothermal electrochemical reactions and decomposition of electrolyte. Since the electrolytes of today's Li-ion batteries are based on flammable organic solvents, such as dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), and/or diethyl carbonate (DEC), fire safety becomes a major concern. Several studies have been conducted to mitigate the heat generation in the event of mechanical abuse, including safety vents, shutdown separators, non-flammable electrolyte, etc [11] . In this study, we focus on the CB particles.
If the CB particle size is relatively large, around tens of μm, it may influence the internal shorting. On the one hand, it is easier for large CB micro-particulates (CBMP) to form conductive bridges across the damaged membrane, and therefore, heat generation may be promoted. On the other hand, large CBMP could store more elastic energy as the electrodes are pressurized, which leads to debonding along matrix-filler interfaces [12] ; such CBMP become damage homogenizers (DH) [13] . With the widespread interface cracking, the internal impedance of the battery system rises, suppressing the internal shorting current and heat generation. Currently, there is still no experimental result showing which mechanism is dominant.
In the current study, we investigate the effects of adding large CBMP in the electrodes of CR2016 coin cells that are subjected to mechanical abuse. Cycle life testing is carried out on the CBMP modified cells to identify the optimum CBMP content.
Experimental
For the positive electrodes, the active material (AM) was chosen as LiNi 0.5 Mn 0.3 Co 0.2 O 2 (NMC532) (NCM-04ST from TODA America), with an average particle size of 10-20 μm. The binder was polyvinylidene fluoride (PVDF) with the molecular weight, M w , of 534 k (Product No. 182702 from Sigma-Aldrich). The conductive additive was carbon black (CB) nanoparticles (CNERGY-C65 from TIMCΛL). The weight ratio among them was 93:4:3. The anodes were made from artificial graphite (AG) powders (EQ-Lib-CMSG from MTI); the weight ratio among the solid components, i.e. AG, PVDF, and CB, was 93:6:1. The CBMP under investigation was Norit-Cabot C-Gran. The nominal mass density was 0.2 g cm ; the specific surface area was 1400 m 2 g
; the average particulate size was ~45 μm; the material was hydrophilic.
To process reference cathodes, about 5 g of AM, PVDF, and CB were ground and mixed in a set of agate mortar and pestle for 45 min. To produce modified cathodes, 1-5 wt% CBMP was added prior to the grinding and mixing. The mixture was then transferred to a 10 mL beaker, and 2 mL of NMP (Product No. 328634 from Sigma-Aldrich) was added and thoroughly mixed by a Qsonica Q55 ultrasonic processor for about 30 min. The mixing was interrupted periodically to avoid overheating. The anode slurry was prepared through a similar procedure.
Casting of wet slurries was performed using a doctor blade, and the slurries were dried at 100 °C in vacuum for 24 h. The cathode slurry thickness was either 100 μm (for cycle life testing) or 200 μm (for impact and nail testing); the anode slurry thickness was either 50 μm (for cycle life testing) or 100 μm (for impact and nail testing). After drying, the slurry thicknesses were 40-50 μm and 100-110 μm for thin and thick cathodes, respectively, and 20-30 μm and 60-70 μm for thin and thick anodes, respectively.
The dried slurry was compressed by a hardened steel double roller, and cut into circular disks with the diameter of 14.3 mm. A full battery cell contained a cathode and an anode. The active material mass of a thin cathode was 18-20 mg, or 30-35 mg for a thick cathode. The active material mass in anode was about 50% of that of cathode. Each pair of positive electrode and negative electrode with compatible masses were placed in a standard set of CR2016 coin cell case (Product No. T-2016 from Xiamen Tob), separated by a single 25 μm thick porous PP/PE/PP tri-layer membrane separator (Product No. 2325 from Celgard). The active cell components were secured by a set of stainless steel spacers and springs for impact test, and by a nickel foam for nail penetration test. Finally, sufficient BASF SelectiLyte-LP50 EC/EMC electrolyte was added.
Cathode half-cells were produced through a similar procedure as the full cells, except that in the final cell assembly step the anode was replaced by a lithium disk with the diameter of 15.4 mm and the thickness of 1.1 mm, without any spacer or spring.
The battery cells were at rest for 24 h for full electrolyte diffusion. Cells of thinner electrodes were tested for electrochemical performance for 100 charge-discharge cycles, in an MIT BST8-3 Battery Analyzer. Cells of thicker electrodes were charged-discharged for at least 5 cycles with the voltage range of 3-4.3 V and then charged to 4.6 V using the same battery analyzer. The final voltage was higher than that of cycling test but within the stable range. Immediately after charging, there would be a slight voltage drop from 4.6 V to 4.54-4.56 V, which was observed for both reference and modified cathode half-cells. At rest, stable cell voltage was maintained at 4.54-4.56 V for about 2 h. Nail penetration tests were carried out on fully charged cells on a solid polyurethane (PU) platform (figure 1). The cell was firmly attached on the platform by 5 layers of insulating tapes and indented upon by a stainless steel nail with the diameter of 1.58 mm. The nail was placed inside a PU foam that insulated the cell from the environment, and driven by a Palmgren bench vise. An Omega TT-K-40-25 type-K gage 40 thermal couple was adhered within 2.5 mm from the center of the cell (figure 1), connected to an Omega OM-EL-USB-TC temperature logger. In some tests, the battery cells were preheated in a VWR 52201-214 horizontal airflow oven at 100 °C for 30 min, and air cooled to room temperature prior to the nail penetration.
Blunt impact tests were performed on fully charged cells on the same solid PU platform. A battery was secured on the platform by insulating tapes and indented upon by a copper spherical indenter with the diameter of 12.7 mm. Initially, the indenter was rested on top of the battery cell, separated by 5 layers of insulating tapes. The system was insulated by a solid PU cover, which also acted as the guide for a stainless steel rod with the diameter of 12.7 mm and the length of 50.8 mm. The rod was placed on top of the indenter, hosted by a rubber o-ring. The assembly was inside a stainless steel frame with a transparent polycarbonate (PC) tube secured at top, which guided a 7.7 kg stainless steel cylindrical hammer. The drop distance was 16 cm. An Omega TT-K-40-25 type-K gage 40 thermal couple was attached to the cell case, about 5.0 mm away from the center (figure 1). The cell temperature was measured by an Omega OM-EL-USB-TC temperature logger.
Results and discussion
Cycle life measurement is conducted on cathode half-cells. Compared to the graphite anode in a full cell, the lithium anode in a half-cell is more prone to dendrite growth and limited coulombic efficiency during cycling, as it is more thermodynamically unstable in organic solvents [14] . Figure 2 shows typical cycling performance of reference cathode halfcells and CBMP-modified cathode half-cells. The discharge capacity is normalized by the capacity of the second discharge cycle. With everything else being the same, addition of 1 wt% CBMP does not cause any increase in degradation rate, since the chemical composition of CBMP is identical to CB. The major difference between CBMP and CB is the particulate size, and its effect is reduced by keeping the CBMP surfaces hydrophilic. The high degree of hydrophilicity ensures a relatively strong van der Waals bonding between the CBMP fillers and the matrix, during slurry processing as well as the cycle life testing. The electrode is processed using the wet slurry casting method and NMP is used as the solvent for the PVDF binder. Due to its high degree of hydrophilicity, CBMP attracts the NMP-PVDF solution; thus, PVDF can be effectively distributed around the CBMP and adhere to them. However, as the uniformity of PVDF distribution around active materials is affected, the overall strength and conductivity of the electrode tend to be lower.
When 2 wt% CBMP is added to the electrode, the cycle life performance of the modified half-cells is considerably reduced, which should be attribute to the volume mismatch between the CBMP fillers and the matrix. The average size of CBMP is 45-50 μm ( figure 3(a) ), only slightly smaller than the electrode thickness (60-70 μm) and much larger than the particle size of the active material (10-20 μm). With a relatively high volume fraction (figures 3(b) and (c), CBMP may block volumetric changes of active materials [15] , and consequently, defects may be nucleated. In addition, the effect of high hydrophilicity of CBMP might have also played a and (c) show the CBMP modified cathode and anode electrodes, respectively. All images are of the same scale, with the CBMP content of 1 wt%. Even though the raw CBMP particles appear large in figure 3(a) , they are not immediately detectable on the surfaces of the CBMP modified cathode and anode, suggesting that the large CBMP particles have been well embedded within the electrode matrix. During wet stage of slurry processing, the highly porous and hydrophilic CBMP particles attract the NMP-PVDF solution, interrupting the arrangement of PVDF-CB around the active materials and leading to a segregation of the PVDF-CB conductive matrix in the vicinity of the CBMP. As a result, the strength of the CBMP modified electrodes is weaker, and the conductive matrix in the CBMP modified electrodes is relatively nonuniform. The optimum CBMP cotent should be determined by the balance between the weakening effect of electrode and the increase in internal impedance. According to our data, it is around 1 wt%, discussed below. Figure 4 shows typical temperature increase profiles in nail penetration tests. Temperature is measure 2.5 mm away from the center of the cell (figure 1), where the nail is driven through. Nail test reflects a simplified condition of internal short circuit formation, where no significant mechanical loading is involved. When a metallic nail penetrates a cell, the cathode and the anode are shorted, generating a large internal current accompanied by an extensive heat release. In a large pouch cell, the temperature increase (ΔT) often rapidly reaches more than 100 °C, which triggers thermal runaway [16] . For the coin cells in the current study, due to the large specific surface area, heat transfer would much reduce the temperature rise, and the peak temperature increase (ΔT max ) is only a few °C. To best simulate the thermal effects of a large ΔT, some cells are preheated.
Upon the nail penetration, in a non-preheated reference cell, the temperature increases by ~5 °C in 10-15 s. The rapid heat generation is a result of short circuit, where a sequence of rapid chemical reactions take place as the electrons quickly travel across anode and cathode charge collectors through the conductive nail [17, 18] . As heat generation continues, it competes with heat transfer [19] . Eventually, ΔT enters a plateau region for ~30 s, followed by a gradual temperature decrease. The temperature decrease rate is around 0.2 °C min −1 , until the cell is nearly fully discharged and the stored electrical energy is dissipated.
After preheating, the temperature profile of a reference cell is quite similar with that of a non-preheated cell, except that after the peak temperature increase, ΔT max , is reached, the temperature decrease rate is reduced to 0.1 °C min −1 by nearly 50%. The slower temperature decrease suggests a more aggressive heat generation, probably because the electrode structure is altered and the internal impedance is lowered. It may also be related to the re-arrangement of the electrode components to a more confined configuration with better contact between active materials and CBMP, which facilitates a lasting reaction. Preheating better fits with the situation of a large pouch battery cell, where local temperature reaches more than 100 °C in thermal runaway. The lower ΔT max of preheated cells should be associated with the slight voltage drop after preheating, around 80-120 mV for both reference and modified cells.
As the electrode is modified by CBMP, the temperature profile changes substantially. After the peak temperature is reached, the temperature decrease rate of a non-preheated cell largely rises to about 0.4 °C min −1 , implying that the heat generation rate is reduced by nearly 50%. In a preheated cell, the average temperature decrease rate is around 0.2 °C min . The reduction in heat generation rate may be caused by the impedance increase of the CBMP modified electrode. As the large CBMP particles are added in the electrode, the internal bonding among electrode components and overall conductivity are hampered. The high porosity of CBMP may be also an important factor, as CBMP can serve as electrolyte reservoirs. From figure 5 , it can be seen that in both modified cathode and modified anode, the structurally altered areas with signature whitish color changes are larger than in reference electrodes. In these areas, the charge transfer is blocked and thus, the return path of internal shorting is less conductive, which lowers the heat generation rate. The effects of CBMP are more evident on anodes than on cathodes, probably due to the solid-electrolyte interface (SEI) layer formation. Debonding is observed along the interface between the modified anode layer and the copper charge collector, which also contributes to the internal impedance increase. The total generated heat, which can be assessed through the area under the temperature profile curve, is nearly the same for all the tested cells, as it should be, since the cell capacity, i.e. the amount of stored electric energy, is not affected by preheating or addition of CBMP. Blunt impact tests are performed to evaluate the cell performance upon dynamic loadings. Figure 6 shows representative temperature profiles of reference and CBMP-modified battery cells. Temperature is measured 5.0 mm away from the center of the cell (figure 1), where the cell is impacted upon by a spherical brass indenter of ¼' diameter. Under the impact loading, even a fully discharged battery cell would exhibit a certain temperature increase around 1-2 °C, due to the rupture and friction of cell components as well as the sudden movement of thermocouple. This base temperature increase curve has been subtracted from the corrected curves in figure 6 . As a battery cell is indented upon the mechanical impact, the indenter compresses the cathode, the membrane separator, and the anode. The membrane separator fails, so that the positive and negative electrodes directly contact each other, leading to rapid exothermic short circuit reactions. Similar with the nail penetration test, a significant temperature increase, ΔT, is detected. The temperature rises to the peak value in about half a minute. The peak temperature change, ΔT max , is nearly 3.5 °C. Both of the peak temperature and the temperature increase rate are lower than that of nail experiments since the impact loading also causes physical damages in the electrodes, leading to loosened contacts among local electrode components, which slows down the exothermic reactions. The postpeak temperature decrease rate of the reference cell is nearly 0.2 °C min −1 , twice as much as that of nail test, which, again, suggests that heat generation is less aggressive. With the addition of 1 wt% CBMP, the temperature decrease rate increases to about 0.4 °C min −1 , around 2 times higher than that of the reference cell, compatible with the results of the nail penetration experiments. Clearly, the CBMP fillers weaken the electrode. As the impact happens, widespread damaging takes place and therefore, the internal impedance increases, which can be seen from figure 7. Compared with the reference cell, the CBMP modified cathode does not exhibit much difference, while the modified anode is much weakened. The weakening of the anode is desirable, because the 'bottleneck' that limits the performance of a lithium-ion battery is usually the cathode, not the anode [20] .
Concluding remarks
To summarize, the cycling performance and mechanical abuse responses of carbon black micro-particulate (CBMP) modified lithium-ion batteries are investigated. Addition of up to 1 wt% of CBMP does not affect the cycle life; while if the CBMP content is too high, the structural integrity of the electrodes would be poor. With 1 wt% of CBMP in cathode and anode, upon nail penetration or blunt impact, the temperature increase rate and the peak temperature are similar with that of the reference cell. However, in both nail and impact tests, the temperature decrease rate of the modified cell is higher by a factor of two, suggesting that the heat generate rate is reduced. This phenomenon should be attributed to the weakening effects of CBMP, which increases the internal impedance. Preheating at 100 °C does not have a pronounced influence on the temperature increase rate and the peak temperature, yet the post-peak temperature decrease rate is reduced.
